To investigate the bacterial response to antibiotic stress, we analyzed the outer membrane proteins of Pseudomonas aeruginosa grown in the presence of a sub-minimum inhibitory concentration of antibiotics. Among the antibiotics tested, fluoroquinolones and streptonigrin induced a large amount of outer membrane protein with a molecular mass of 43 kDa. This protein is most likely the stress-responsive protein, since the quinolone-resistant mutants with a higher minimum inhibitory concentration of antibiotic than the wild-type strain produced a large amount of 43-kDa protein only in the presence of subminimum inhibitory concentration of the mutants itself, but not that of the antibiotic-susceptible wild-type strain. The sequence of N-terminal 15 amino acids of the 43-kDa protein was identical to that of pyocin R1. However, purified pyocin R1 failed to accumulate in the outer membrane. Thus, we concluded that the 43-kDa protein (pyocin R1) is the antibiotic-stressinduced outer membrane protein. z
Introduction
Pseudomonas aeruginosa often infects patients whose immune activity is lowered and therefore the organism is a problematic pathogen in nosocomial infections [1] . A major problem in P. aeruginosa infection may be that this pathogen exhibits a high degree of resistance to a broad spectrum of chemotherapeutic agents [1] . When the bacteria were exposed to antibiotics, they responded to the antibiotic stresses by inducing antibiotic-modifying enzyme(s) [2] , lowering the antibiotic sensitivity of the targets [3] , lowering the penetration rate of antibiotics by the loss of the antibiotic-permeable porin [4, 5] and pumping out antibiotics by active extrusion systems [6] . These cellular responses to antibiotics stresses often accompanied mutational changes due to strong selective pressure. However, the inducible response to antibiotic stress is not well understood except for the induction of L-lactamase in the presence of L-lactams [2] . We are interested in the bacterial response to the action of a sub-minimum inhibitory concentration (MIC) of antibiotics without accompanying mutation(s). We analyzed membrane proteins of cells grown under antibiotic stress in an analogy to the OprM, OprJ and OprN expression in the nalB, nfxB and nfxC type antibiotic-resistant e¥ux mutants [6, 7] . We found that P. aeruginosa produces a large amount of pyocin-like outer membrane protein in the presence of sub-MICs of £uoroquino-lones.
Materials and methods

Bacterial strains and the culture conditions
PAO1 [7] is the wild-type strain of P. aeruginosa. OCR1 [7] and Mutant10 [3] are £uoroquinolone-resistant strains with impaired nalB and gyrA genes, respectively. Bacterial cells were grown in 10 ml of L-broth overnight at 37³C with shaking and the culture medium was diluted with 190 ml of prewarmed fresh medium, then incubated at 37³C. Antibiotic at an appropriate concentration was added when needed. Cells were harvested by centrifugation at 7500 rpm for 10 min and washed with 10 ml of 10 mM Tris-HCl bu¡er, pH 8.0, by centrifugation.
Preparation of the inner and outer membrane fractions
Cells were suspended in 10 ml of Tris-HCl bu¡er, pH 8.0 and passed through a French pressure cell at 12 000 kg cm 3P . The cell lysate was centrifuged at 45 000 rpm for 60 min in a Beckman L-70 centrifuge using a 55.2Ti rotor after removing unbroken cells by centrifugation at 10 000 rpm for 10 min. Pellets were washed once with 10 mM Tris-HCl, pH 8.0, containing 0.3 M NaCl. The centrifuged pellets were suspended in 2 ml of 1% N-laurylsarcosine, left to stand at 30³C for 30 min, then centrifuged at 45 000 rpm for 60 min [8] . The pellets were suspended in a small amount of deionized water. Soluble and insoluble fractions were used as the inner and outer membrane fractions, respectively. The membrane fractions were also obtained by treatment of the cells by EDTA and lysozyme as reported earlier [9] . The laurylsarcosine-insoluble fraction obtained from cells grown in the presence of a 1/2 MIC of o£oxacin for 5 h was successively washed with 1% of octyl-polyoxyethylene in 10 mM Tris-HCl, pH 8.0 and 1% of sodium dodecylsulfate (SDS) containing 0.5 M NaCl in 10 mM Tris-HCl, pH 8.0. The insoluble materials were extracted with Laemmli's sample bu¡er [10] . Opr43 to be used for immunization was further puri¢ed by preparative SDSpolyacrylamide gel electrophoresis. A protein band corresponding to Opr43 was electro-eluted in the electrode bu¡er. SDS was removed by dialysis.
Puri¢cation of pyocin
Culture supernatant of strain PAO1 in the presence a 1/2 MIC of o£oxacin was treated by 70% saturation of ammonium sulfate at 4³C overnight and centrifuged at 12 000 rpm for 15 min. After extensive dialysis, the protein was subjected to DEAE-HPLC chromatography in 10 mM Tris-HCl, and eluted with a 0^1 M NaCl linear gradient.
Other methods
Antibody against Opr43 was raised by injecting highly puri¢ed Opr43 (250 mg) in Freund adjuvant into 2.5-kg Japanese white rabbits once a week for four consecutive weeks. Acrylamide gel electrophoresis was carried out by the method of Laemmli [10] or that of Lugtenberg et al. [11] . The amino-terminal amino acid sequence was determined with an ABI473A protein sequencer. Protein was quanti¢ed by the method of Lowry et al. [12] .
Results
Induction of a new outer membrane protein in the presence of antibiotics
The laboratory strain of P. aeruginosa PAO1 was grown in the presence of a 1/2 MIC of levo£oxacin, o£oxacin, tetracycline, chloramphenicol, gentamicin, carbenicillin, piperacillin or rifampicin. As seen in Fig. 1 , a large amount of the outer membrane protein with a molecular mass of 43 kDa was expressed in the presence of £uoroquinolone antibiotics. The outer membrane protein pro¢les in the cells grown in the presence of each of the antibiotics tested were comparable with that of cells not exposed to antibiotics. Since all the £uoroquinolones tested and streptonigrin (data not shown) caused overexpression of Opr43, it is likely that the induction of this protein is a stress response to the disturbed DNA metabolism.
To test the kinetics of Opr43 induction, freshly diluted cells were grown for 0, 0.5, 1, 2, and 4 h in the presence of a 1/2 MIC of o£oxacin and the outer membrane protein was analyzed. As seen in Fig. 2 , a large amount of Opr43 protein was induced at 120 min and more at 240 min, suggesting that the protein was inserted into the membrane as the cell grew.
Experiments to distinguish whether or not the cell produces Opr43 sensing antibiotic concentration or the stress exerted by the antibiotics
The wild-type strain was exposed to a 1/20, 1/10, 1/5, 1/3, or 1/2 MIC of o£oxacin and the expression of Opr43 was visualized by the Western blotting method. Cells that were unexposed to o£oxacin produced a small amount of Opr43 and those exposed to a 1/5 MIC to 1/2 MIC of o£oxacin produced increasing amounts of the protein (Fig. 3) . This experiment, however, did not distinguish whether the cell senses the antibiotic concentration or the stress exerted by o£oxacin. To ascertain this issue, we tested the production of Opr43 in the strains exhibiting di¡erent susceptibility to £uoroquinolones. Strain OCR1 and Mutant10 are nalB and gyrA mutants, respectively, exhibiting MICs of levo£oxacin of 1.56 Wg ml 3I and 12.5 Wg ml 3I , respectively, whereas that of levo£oxacin in their respective parent strains was 0.39 Wg ml 3I . OCR1 and Mutant10 were grown in both media containing 0.78 Wg ml 3I and 6.25 Wg ml 3I of levo£oxacin, respectively. If the bacteria sense the antibiotic concentration and respond to it, Opr43 should be produced in all the strains at 0.2 Wg ml 3I . On the other hand, if the bacteria sense the antibiotic stress, levo£oxacin-resistant strains should express a large amount of Opr43 only at a 1/2 MIC of levo£oxacin in the strain, but less at a 1/2 MIC in the wild-type strain. As seen in Fig. 4 , both nalB and gyrA mutants expressed large amounts of Opr43 in the presence of 0.78 and 6.25 Wg ml 3I of levo£oxacin, respectively, Fig. 3 . E¡ect of o£oxacin concentration on the induction of Opr43. An overnight culture of strain PAO1 was diluted with a 9-fold volume of fresh medium containing di¡erent concentrations of o£oxacin then shaken at 37³C for 5 h. The laurylsarcosine-insoluble fraction was subjected to electrophoresis by Laemmli's bu¡er system. Proteins were stained by the Western blotting method as above. Lane 1, without antibiotics; 2, 0.039 Wg ml 3I ; 3, 0.078 Wg ml 3I ; 4, 0.156 Wg ml 3I ; 5, 0.26 Wg ml 3I ; 6, 0.39 Wg ml 3I . The MIC of o£oxacin in PAO1 was 0.78 Wg ml 3I . Fig. 2 . Time course of Opr43 expression. The overnight-grown culture of strain PAO1 was diluted with 9 volumes of a fresh medium containing 0.39 Wg ml 3I of o£oxacin. Cells were harvested at the desired time and the outer membrane fraction subjected to electrophoresis. Proteins were electroblotted to PVDF membrane and stained with rabbit antibody raised against Opr43 and anti-rabbit IgG-conjugated secondary antibody. Lane 1, 0 min ; 2, 30 min; 3, 60 min ; 4, 120 min; 5, 240 min. Fig. 1 . Electrophoretogram of the outer membrane fraction of P. aeruginosa PAO1 grown in the presence of a 1/2 MIC of antibiotics. The laurylsarcosine-insoluble fraction was suspended in sample bu¡er of Laemmli's electrophoresis system, heated at 95³C then 40 mg of protein was applied. Lane 1, without antibiotics ; 2, levo£oxacin; 3, o£oxacin; 4, tetracycline ; 5, chloramphenicol ; 6, molecular mass marker; 7, without antibiotic ; 8, gentamicin; 9, carbenicillin ; 10, piperacillin; 11, rifampicin.
but not at 0.2 Wg ml 3I . These results clearly demonstrated that Opr43 is a stress-responsive protein.
To rule out the possibility that the induction of Opr43 is due to a mutation(s), we tested a reset of Opr43 expression. Opr43 was induced in the presence of a 1/2 MIC of levo£oxacin for 5 h, diluted with a 20-fold volume of fresh medium without antibiotics and incubated for an additional 5-h period. Opr43 was induced at a 1/2 MIC of levo£oxacin and the amount of protein in the cells diluted with a 20-fold volume of medium without levo£oxacin produced only a wild-type level of Opr43 (data not shown). Thus, the production of Opr43 appears to be inducible.
Characterization of Opr43
Opr43 traveled to the position where OprE1, E2 and E3 moved electrophoretically by Laemmli's system. To determine whether or not Opr43 is identical to these outer membrane proteins, we carried out electrophoresis by Lugtenberg's bu¡er system, which can separate these proteins. The outer membrane fraction was prepared from the mutant lacking OprE1 [13] grown in the presence of a 1/2 MIC of o£oxacin then subjected to electrophoresis. We found the Opr43 band at a position distinguishable from the location of OprE2 and OprE3 (data not shown). Thus, Opr43 is a stress-induced novel outer membrane protein. However, this result does not rule out the possibility that Opr43 is a truncated protein derived from OprE1, E2 or E3. To clarify this ambiguity, we analyzed the N-terminal amino acid sequence of the highly puri¢ed 43-kDa protein.
The sequence was S-F-F-H-G-V-T-N-V-D-I-G-A, which is di¡erent from the sequence in OprE1, E2 or E3. A computer-aided amino acid similarity search of the GenBank database revealed that the sequence was identical to that of pyocin R1 [14] .
Opr43 was not the rebound form of the medium-secreted pyocin R1
Since the N-terminal amino acid sequence of Opr43 matched that of pyocin R1, one may argue that Opr43 was the medium-secreted pyocin R1 bound to the outer membrane. To investigate this possibility, the wild-type strain PAO1 was cultured in fresh medium containing puri¢ed pyocin R1 and the outer membrane fraction was prepared by the EDTA-lysozyme method. We did not ¢nd signi¢cant levels of Opr43 bound to the outer membrane. Thus, it is unlikely that Opr43 is membrane-rebound pyocin R1.
Discussion
To investigate the bacterial response to antibiotic stress, we analyzed outer membrane proteins in P. aeruginosa, and found that a large amount of Opr43 was induced in the presence of a 1/5 to 1/2 MIC of £uoroquinolones. The localization of Opr43 in the outer membrane was con¢rmed both by determining the association of the protein with the highly puri¢ed outer membrane fraction and by the well-established surfactant extraction method. To characterize this novel outer membrane protein, we determined the N-terminal amino acid sequence and, to our surprise, found that 15 amino acid residues were identical with that of pyocin R1. It was reported earlier that UV irradiation or mitomycin treatment of P. aerugi- Fig. 4 . Electrophoretogram of the outer membrane fractions of the wild-type strain and antibiotic-resistant mutants. Overnight culture medium of P. aeruginosa was diluted with a 20-fold volume of fresh medium into two or three separate £asks containing a 1/2 MIC equivalent of levo£oxacin for the wild-type strain or that for the antibiotic-resistant strains, then shaken at 37³C for 5 additional hours. The outer membrane fraction was prepared by the laurylsarcosine extraction method and was subjected to the electrophoresis. Lane 1, molecular mass marker; 2, PAO1 without levo£oxacin; 3, PAO1 with 0. nosa induced pyocin R1 in the culture medium [15] . However, induction of a large amount of pyocin R1 in the presence of £uoroquinolones in the outer membrane has not been reported. If we assume that Opr43 was the same molecule as pyocin R1 in the culture medium, how and why a large amount of the water-soluble molecule is located in the outer membrane remain unclear. The following possibilities are conceivable. (i) Opr43 is a secretion intermediate of pyocin R1. (ii) Pyocin R1 was adsorbed from the culture medium. (iii) Opr43 has an unknown physiological function. The ¢rst possibility is unlikely, since the outer membrane-associated Opr43 cannot be chased out in the antibiotic-free medium (data not shown). Accumulation of Opr43 seems to require cell growth. The second possibility is less likely, since the pyocin R1 puri¢ed from the culture medium failed to readsorb to the cell. The third possibility seems most likely. Lines of evidence to support this possibility are as follows. (i) Opr43 was induced by antibiotic stress, but not in the presence of a less harmful concentration of £uoroquino-lones. Removal of the antibiotic from the medium terminated the Opr43 production.
(ii) A small amount of Opr43 was expressed in the cell grown in the antibiotic-free medium. Since the P. aeruginosa chromosome retains the gene encoding Opr43, it is likely that the physiological role of Opr43 is yet to be elucidated. This is the ¢rst report to our knowledge that antibiotic stress induces a large amount of outer membrane protein. Since we observed simultaneous induction of the 20-kDa and 37-kDa inner membrane proteins with the induction of Opr43 in the presence of sub-MIC of £uoroquinolones, it is of interest to link the functions of these proteins.
